Abstract: β-Amylase activity (BAA) and thermostability (BAT) are important traits for malt quality. In this study, 138 Tibetan annual wild barley accessions and 20 cultivated genotypes differing in BAA were planted and analyzed in 2009 and 2012. Significant differences were detected among genotypes in BAA and BAT. The cultivated genotypes had a mean BAA of 1137.6 U/g and a range of from 602.1 to 1407.5 U/g, while the wild accessions had a mean of 1517.9 U/g and a range of from 829.7 to 2310.0 U/g. The cultivated genotypes had a mean relative residual β-amylase activity (RRBAA) of 61.6% and a range of from 22.2% to 82.3%, while the wild barleys had a mean of 57.8% and a range of from 21.9% to 96.1%. Moreover, there was a significant difference among genotypes in the response of RRBAA to the temperature and duration of heat treatment. The wild barleys had wider variation in BAA and BAT than cultivated genotypes.
Introduction
Barley (Hordeum vulgare L.) ranks fourth among the cereal crops in terms of planted area and production in the world (Zhou, 2010) . It is characterized by multiple uses, but is used mainly for malting and animal feed. The rapid increase in beer and whisky consumption worldwide requires more malt barley grains with high quality. It has been well documented that diastatic power (DP), malt extract, and fermentability are major attributes determining malt quality (Ullrich et al., 1997; Agu et al., 2007) . DP represents a hydrolytic ability of malt, degrading starch into fermentable oligosaccharides and maltose, and is significantly related to malt extract and fermentability, which in turn determine alcoholic output from barley grains or malt (Agu, 2003; Agu et al., 2007) . The starch-degrading process involves the coordination of at least four enzymes, namely α-amylase, β-amylase (EC 3.2.1.2; 1,4-α-glucan maltohydrolase), limit dextrinase, and α-glucosidase. Among them, β-amylase, which catalyzes the 1,4-α-glycosidic linkages in the none-reducing end of the poly-glucan chain to release β-maltose, plays a key role during degradation of starch, and its activity is significantly correlated with DP (Delcour and Verschaeve, 1987; Gibson et al., 1995) . Unlike the other three enzymes, which are synthesized during germination, β-amylase accumulates during seed development, and exists in seeds in free and bound forms (Hara-Nishimura et al., 1986; Hardie, 1975; Vinje et al., 2011) . Therefore, the content or activity of β-amylase in barley grains will be greatly affected by environmental factors. In addition, β-amylase thermostability (BAT) has a huge effect on wort fermentability (Evans et al., 2003) . During brewing, starch saccharification or diastatic action is conducted at a constant temperature of 65 °C or a variable temperature from 48 to 70 °C, to enhance the degradation of starch rapidly and thoroughly (Eglinton et al., 1998) . However, β-amylase shows lower thermostability than α-amylase and limit dextrinase, and its activity decreases rapidly if the incubation temperature is over 55 °C (Thacker et al., 1992; Sjöholm et al., 1995) . Therefore, BAT is also an important trait associated with malt quality. Eglinton et al. (1998) identified four kinds of β-amylases, after making an intensive survey of natural variation in the enzyme thermostability in barley. Three alleles controlling β-amylase, Bmy1-Sd1, Bmy1-Sd2L, and Bmy1-Sd2H, were detected in cultivated barley, while Bmy1-Sd3, controlling the β-amylase with high BAT, was found in wild barley (Hordeum vulgare L. ssp. spontaneum). These four β-amylases differ in irreversible heat inactivation, which is in turn related to original activation. The barley cultivars with the Bmyl-Sd1 allele showed moderate BAT, while the cultivars with Bmyl-Sd2 could be divided into two groups: high (Sd2H) and low (Sd2L) BAT. The wild barley with Bmyl-Sd3 had the highest BAT. Accordingly, it has been an important objective in malt barley breeding to develop cultivars with high β-amylase activity (BAA) and BAT. The success of such a breeding program is greatly dependent on the availability of genetic diversity. Ahokas and Manninen (2000) reported that Finnish landrace barleys had a higher thermostability than cultivated barleys. Kaneko et al. (2001a) examined 6752 barley accessions from different areas of the world, and found that barley germplasm from China had a large variation in BAT. Recently, Gong et al. (2013) also reported that Chinese landrace and Tibetan wild barleys showed high BAA and were rich in β-amylase alleles. Tibetan annual wild barley is well-known for its wide genetic diversity (Dai et al., 2012) . Thus, it may be possible for us to identify accessions with high BAA and BAT from Tibetan wild barley.
In the present study, we determined the BAA and BAT of 138 wild barley accessions collected from the Tibetan Plateau and 20 cultivated barley cultivars planted in 2009 and 2012. The objectives of this study were (1) to identify wild barley accessions with high BAA and BAT and (2) to compare the enzyme properties of Tibetan wild barley and cultivated barley.
Materials and methods

Plant materials
Tibetan wild barley accessions were kindly donated by Prof. Dong-fa SUN of Huazhong Agricultural University (China). In this study, 138 accessions All agronomic management practices were the same as those used locally in barley production. At maturity (late in May), grains from the three middle rows were harvested and dried naturally, then stored at 4 °C for further analysis.
Measurement of BAA
Barley grains were milled with a Cyclotec 1093 sample mill (Tecator AB, Höganäs, Sweden) and passed through a 0.5-mm screen. Then, 0.5 g powder of each sample was used for BAA assay. BAA was determined with the BETAMYL-3 ® kit (Megazyme International Ireland Ltd.) according to McCleary and Codd (1989) with slight modification. Three replicates were used for each measurement. For easy comparison, the unit of BAA was converted from BETAMYL-3 ® to BETAMYL ® . One BETAMYL ® unit is the amount of enzyme required to release 1 µmol of p-nitrophenol from p-nitrophenyl-α-Dmaltopentaose per minute.
Determination of BAT
BAT was determined by a two-point assay method according to Eglinton et al. (1998) . The BAT is expressed as the relative residual BAA (RRBAA), i.e., the amount of residual BAA after incubating the β-amylase extract in a 60 °C water bath for 10 min, expressed as a percentage of the initial BAA in the grains.
Change in RRBAA with temperature
According to the results of above-mentioned two-point assay, Tibetan wild barley accessions, XZ174 and XZ7, and the cultivar Allaweinuw showed high, low, and moderate BATs, respectively. Hence, these three genotypes were used to study the change in BAT under a temperature change from 40 to 70 °C.
Change in RRBAA over time
Eight representative genotypes according to the results from 2009 were selected, i.e., XZ25, Fuxuan 48, XZ174, and XZ31 with high BAT, XZ11 and cultivar Allaweinuw with moderate BAT, and XZ7 and cultivar Qingyin 3506 with low BAT. The examined genotypes were subjected to 60 °C incubation for a duration of 10, 20, 30, 40, 50, or 60 min.
Data analysis
Data were analyzed using SAS V8.0 (SAS Institute, Cary, NC, USA) and SigmaPlot 11.0 programs. Duncan's multiple range test was used to compare the significance of difference between treatments.
Results
BAA
In 2009, the BAAs of 20 barley cultivars ranged from 602.1 to 1407.5 U/g, with a mean of 1137.6 U/g and a coefficient of variation (CV) of 18.5%. Compared with the cultivated barleys, Tibetan wild barleys had higher BAAs, ranging from 829.7 to 2310.0 U/g, with a mean of 1517.9 U/g and a CV of 22.8% (Table 1) . Among the Tibetan wild barleys, 71 accessions (51.1%) exhibited higher BAA than the cultivars with the highest BAA.
In 2012, the BAA of 20 cultivars ranged from 780.0 to 1323.2 U/g, with a mean of 1030.8 U/g and a CV of 16.4%. Tibetan wild barleys showed wider variation in BAA, ranging from 624.0 to 1913.1 U/g, with a mean of 1315.4 U/g and a CV of 23.5% (Table 1 ). There were 75 (54.0%) Tibetan wild barley accessions with BAA higher than that of the cultivar with the highest BAA.
The mean and range of BAA in Tibetan wild barley were higher and wider, respectively, than those of the cultivars in 2009 and 2012 (Table 1) . In addition, there was an obvious difference in BAA between the two years, with 2009 being higher than 2012 (Fig. 1) . However, a significant correlation (R 2 =0.4670, P< 0.0001) was found between the two years ( Fig. 2) .
BAT
In 2009, there was a large difference in BAT between the Tibetan wild and cultivated barleys ( Table 1 ). The BAT of the 20 cultivars ranged from 22.2% to 82.3%, with a mean of 61.6% and a CV of 31.6%. The range in BAT among Tibetan wild barley accessions was from 21.9% to 96.1%, with a mean of 57.8% and a CV of 24.6%. Six wild accessions had a higher BAT than the cultivar with the highest BAT.
In 2012, the BAT of the 20 cultivars ranged from 12.3% to 80.7%, with a mean of 38.4% and a CV of 60.1%. The wild barley accessions had a wider range of BAT, from 3.4% to 87.4%, with a mean of 38.4% and a CV of 50.7% (Table 1) . Two wild barley accessions had higher BAT than the cultivar with the highest BAT. The range of BAT in Tibetan wild barley was wider than that in cultivated barleys in both 2009 and 2012 (Table 1) . Across all wild genotypes examined, BAT was higher in 2009 than in 2012 (Fig. 1) , and a significant correlation was found between the two years (R 2 =0.3520, P<0.0001) (Fig. 2) .
Change in RRBAA with temperature
The three barley genotypes examined differed dramatically in the response of BAA to changing temperature (Fig. 3) . From 40 to 55 °C, all three genotypes exhibited relatively high BAA, and from 65 to 70 °C, their BAA declined to almost zero. XZ174 showed higher stability in BAA than the other two genotypes at increased temperatures, and its RRBAA remained as high as 85.9% in 2009 and 73.8% in 2012, even when exposed to 60 °C. However, a rapid decline in enzyme activity was observed when the temperature rose to 65 °C. XZ7 showed the lowest stability of BAA among the three barley genotypes in We also evaluated the T 50 , i.e., the temperature at which the RRBAA was reduced by 50%. XZ174, Allaweinuw, and XZ7 had T 50 values of around 62. 1, 60.8, and 58.6 °C, respectively, in 2009, and 61.6, 60.2, and 57.5 °C, respectively, in 2012 (Fig. 3) .
Change in RRBAA with duration of heat treatment
Genotypic differences in BAT with the duration of heat treatment were determined (Fig. 4) . XZ25 and Fuxuan 48 showed a high BAT according to the results of the previous two-point assay. The values of RRBAA in XZ25 remained higher than 80% during the first 10 min and were about 70% after 20 min and 50% after 30 min of heat treatment at 60 °C in 2009. In 2012, the corresponding values were about 80% after 10 min, below 60% after 20 min and 40% after 30 min of heat treatment. The Tibetan wild barley XZ7 and the cultivated barley Qingyin 3506 showed low BAT in the two-point assay and exhibited a rapid decline in RRBAA with increasing duration of heat treatment. The RRBAA of these genotypes declined to below 32% in the first 10 min and to around 10% after 20 min of heat treatment in 2009, and to below 13% in the first 10 min and to around 5% after 20 min of heat treatment in 2012. XZ11 and Allaweinuw showed moderate BAT in the two-point assay and also had intermediate BAT with increasing duration of heat treatment, with the RRBAA being below 71% in the first 10 min, about 50% after 20 min and 35% after 30 min in 2009, and about 52% after 10 min, 32% after 20 min, and 10% after 30 min of heat treatment in 2012.
To identify elite genotypes or accessions with high BAA and BAT, three wild barley accessions, i.e., XZ25, XZ31, and XZ174, with BAA over 1500 U/g, and cultivar Fuxuan 48, with BAA over 1100 U/g in 2009, were selected to confirm their BAT within 1 h of treatment at 60 °C (Fig. 4) . The changes in RRBAA values in response to heat treatment for the four genotypes were very similar in the two years, except for XZ31, which showed a slight difference between 2009 and 2012.
Discussion
The two-point assay method was used by Eglinton et al. (1998) to determine BAT. In the current study, this method was employed to measure the BAT of 138 Tibetan wild barley accessions and 20 cultivated barley cultivars (Table 1) . Eight genotypes with a large difference in BAT were further used to investigate the responses of BAT to the temperature and duration of heat treatment (Figs. 3 and 4) . The RRBAA value, an indicator of BAT, differed among the genotypes examined, and some wild barley accessions, including XZ174, XZ31, and XZ25, showed high BAT. Our results showed that the two-point assay is efficient for the determination of BAT in a large population. T 50 Wei et al. (2009a) reported the BAA of 76 Tibetan wild barley accessions planted in two locations, Hangzhou and Wuhan, China in the 2006 and 2007 growing seasons, and found a large difference among these wild accessions. In the present study, we found a wider variation in BAA among wild barleys than among cultivated barleys. Moreover, there was an obvious difference between the two years, although there was a significant correlation between the years. Similarly, we found a large difference in BAT among barley genotypes and between years, and the wild barley accessions showed a wider variation than cultivated barley. A significant correlation between the two years in BAT was also found. So we conclude that BAT, like BAA, is affected by both genetic and environmental factors. Concerning the weather during the grain filling stage, 2012 had lower temperatures and more rainfall than 2009. In a previous study, we found that high temperatures during the filling stage could cause higher BAA (Wei et al., 2009b) . The current results suggest that BAT varies in relation to temperature and rainfall.
Tibetan wild barley is considered as one of the progenitors of cultivated barley (H. vulgare) and is rich in genetic diversity (Dai et al., 2012) . Recently, it was shown that wild barley contained special germplasm with high tolerance to abiotic stresses, such as salinity and drought (Zhao et al., 2010; Wu et al., 2011) . The current study showed that Tibetan wild barleys have wide genetic variation in BAA and BAT. For malting or brewing use, both the BAA and BAT of barley grains are important for the starch-degrading process (Eglinton et al., 1998; Wang et al., 2003) . BAA and BAT are controlled by quantitative loci, including the Bmy1 allele, which is located in the long arm of chromosome 4H (Erkkilä et al., 1998; Kaneko et al., 2001b; Clancy et al., 2003) . In this study, the BAAs and BATs of Tibetan wild and cultivated barleys were compared. As a result, some wild accessions were identified which have higher BAA and BAT than those reported previously (Eglinton et al., 1998; Filichkin et al., 2010; Vinje et al., 2010) . These genotypes will be useful for the improvement of malt quality through breeding programs.
Conclusions
Tibetan wild barleys showed wider distributions of BAA and BAT than cultivated barleys in the two years of experiments. Both BAA and BAT were greatly affected by the genotype and the environment. There was a significant difference among barley genotypes in the response of RRBAA to the temperature and duration of heat treatment. These findings will be helpful for the improvement of BAA and BAT in malt barley.
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